The harsh environment rolling element bearings are exposed to in iron-mining industries is replicated in a laboratory scale in this work. Bearings (SKF 7204BEP) were tested both with and without magnetite oxide (Fe 3 O 4 ) contamination. In order to study the interaction between contaminants and extreme pressure additives, the rolling element bearings were lubricated with two different greases: Grease without extreme pressure and grease containing sulphur-based extreme pressure additives. Further, the effect of the contamination-additive interaction on rolling bearing performance and monitoring signals (vibration and acoustic emission) was investigated. The obtained results indicate an advantage of extreme pressure additive in case of the investigated operating conditions. Furthermore, the use of extreme pressure additives decreased wear, surface roughness, vibration and acoustic emission for both test durations of 24 h and 168 h. The decrease of the acoustic emissions and the surface roughness parameter Rq in case of the tests with a duration of 168 h as high as 70% and 60%, respectively using extreme pressure additives in comparison with the plain grease was observed. The major cause for this reduction seems to be the interaction between contaminants and extreme pressure additives.
Introduction
Rolling element bearings located in the production lines of mining industries are mainly affected by contamination of iron ore particles. This contamination leads to a significant shortening of the bearing life and decreases thereby the productivity due to standstills. Even the use of advanced sealing and lubrication systems cannot prevent the significant decrease of the life of rolling bearings working in the mining environment.
Third body abrasive wear due to contamination is a common failure source of rolling element bearings. 1 As a result, many researchers have investigated the effect of contamination on rolling element bearing performance, bearing life time and the detection of debris. In these investigations different types of contaminants were used. The most commonly used contaminant is silica, [2] [3] [4] [5] [6] but diamonds 1 and iron oxides 3, 4 were also used.
While Sayles and Ioannides 7, 8 as well as Gabelli et al. 9 investigated the influence of debris on fatigue life of rolling element bearings and its statistical calculation, other authors focussed on the performance of the EHL contact itself. The wear behavior of EHL contacts and the particle movement was studied by Dwyer-Joyce et al. 1 The same research team characterized the probability of particles entering the contact. As a result they observed an increase of wear with an increase of particle size due to the higher probability of particles entering the EHL contact. 10 A more industrial focused summary on rolling Division of Machine Elements, Luleå University of Technology, Luleå, Sweden bearing performance with contaminated lubricants was carried out by Wennehorst and Poll. 11 Vibration and acoustic emission are common tools to monitor contaminated bearings. Both Maru et al. 6 and Tandon et al. 4 have investigated the effect of particle size and concentration on rolling element bearings, using either oil and vibration 6 or grease and acoustic emission 4 for their test setups. The wear behavior of contaminated bearings was studied by Kahlman and Hutchings 5 and Akagaki et al. 12 using both vibration and surface imaging techniques. Another investigation using vibration as a monitoring tool was carried out by Hariharan and Srinivasan. 2 They showed the interaction of the root mean square (RMS) of the vibration signal and the rotational speed of the bearing at different concentrations of contamination. But the type of particles has also an influence on the signals of the monitoring tools, like Miettinen and Andersson 3 have shown. In their work they presented the activity of the acoustic emission signal for steel, iron, Fe x O y and quartz particles.
Even though iron oxides were used in previous studies, 3, 4 they focussed more on the detection of the contaminants rather than the influence on the rolling element bearing. Further, the previous investigations did not take the effect of additives into account. Some studies 3, 13 use different base oils in order to examine the effect of base oil properties on a contaminated contact. However, knowledge about the effect and mechanisms of additives on contaminated systems is missing. Therefore, this work was carried out to study the short-term effect of contamination on surface topography of raceways, vibration and acoustic emission signals with respect to the type of lubricant.
Experimental setup
The test samples were prepared in a laboratory environment and all the test setups were executed at room temperature.
Rolling bearing test rig
The investigation was carried out in an in-house-built rolling bearing test rig (Figures 1 and 2 ). The principle of the rig is based on a free-moving bearing carrier (pos. 4 in Figure 1 ) to be able to measure the sum of the friction torque from both test bearings (pos. 2 in Figure 1 ). The tested bearings are loaded with an axial load by a spring shown in Figure 2 (a). Thereby the maximum adjustable axial load is 2.5 kN.
The test rig is capable to run with a rotational speed between 100 r/min and 2500 r/min, due to a variable frequency drive. In the case of the 24 h tests friction torque and vibrations of the test bearings were measured. For the tests with duration of one week the rig was additionally equipped with acoustic emission sensors. The friction torque is measured by a force sensor connected to a torque arm (Figure 2(b) ). A commercial vibration system called WindCon is used to investigate vibrations from the tested bearings. 14 The accelerometer (SKF-607M69) was placed at the center of the test-bearing carrier in order to measure vibrations from both test bearings ( Figure 2 ). In order to get as close to the contacts as possible, the acoustic emission sensors (CMSS786M) were mounted above each of the tested angular contact ball bearings (Figure 2 ). The measured frequency ranges are 0-10 kHz for the vibration and 0.1-0.5 MHz for the acoustic emission. Both signals were measured with a sample storage rate of 0.625 Hz and a sample factor of 2.56. This hardware implemented a sample factor lead to a sample rate of 25.6 kHz for the vibration signals and 1.28 MHz for the acoustic emission signals. Further, the hardware of the acoustic emission sensors create an envelope signal of the measured acoustic emission, due to the amount of data, which is otherwise not processable by the WindCon system. After the first hardwarebased envelope, one more envelope was created by the software itself. This procedure will be called double envelope throughout the article. For the vibration signal only a software-based envelope was created. Further, all envelopes were created based on the time domain.
During this investigation mainly the trend analysis function of the WindCon system was used. The trend value (1) in this case is the quadratic mean value across the frequency spectrum for one measured sample.
where is the trend value, f E is the end value of the measured frequency range, Áf is the spectrum resolution and a i is the amplitude at a certain frequency. The discretization of the system for the presented results is 1 Hz. The trend values were calculated for both the vibration, the acoustic emission and their envelope signals. The presented trend value diagrams 
Test setup
Eight different test setups were used in the investigation (Table 1) , whereby four test setups (test nos. 1 to 4) acted as reference samples without contamination. Standard angular contact ball bearings (SKF 7204BEP) were used in all tests and for each sample one pair of bearings was tested. Before the test the bearings were cleaned by ultrasonically in heptane as a solvent and then lubricated with 3 g of grease.
The reference samples were lubricated with uncontaminated grease and the samples of tests 5 to 8 were lubricated with a mixture of 3 g grease and 0.3 g magnetite particles (Fe 3 O 4 ). The size distribution of the contaminant is shown in Figure 3 . The contaminated grease was mixed in a beaker before it was applied to the bearings.
The greases SL12-602 and SL12-603 were used as lubricants. SL12-602 (non-EP grease) is a grease with a lithium thickener and a mineral base oil. Antioxidants are the only additives in the grease. SL12-603 (EP grease) is based on the grease SL12-602, but additionally contains a sulphur-based extreme pressure additive added to the base oil of the grease.
The prepared bearing samples were tested during 24 h and 168 h. For both cases the bearings were tested at a rotational speed of 180 r/min and by applying a axial load of 2 kN, which results in a life time L 10h of 147,000 h. During all tests the friction torque was measured in order to calculate the coefficient of friction (COF) and the vibration trend was monitored. In addition to the vibration trend, the trend of the acoustic emission signal was monitored for tests with a duration of 168 h. After the test durations of 24 h and 168 h the tested bearings were disassembled and cleaned by ultrasonic cleaning in a solvent (heptane) and the surface topography of the raceways was measured. For these measurements, a 3D optical interferometry spectroscope (WYKO NT1100) was used. Figure 3 . Size distribution of the magnetite particles used as contaminants.
Results
All results showed good repeatability and the results of the different test duration are in line with each other. Patterns for surface measurement and trends in both vibration and acoustic emission measurements are consistent throughout the whole investigation.
Test duration of 24 h
From a COF point of view, the tests did not indicate any advantage of EP additives. Figure 4 shows the COF over the test duration of 24 h. Addition of contaminants as well as EP additives leads to an increase of COF in comparison to the reference sample.
The measurements of the surface topography ( Figure 5 ) on the other hand showed a clear difference between EP and non-EP grease. Analysis of the surface features of the images of the raceways ( Figure 5 ) indicates similarities between four of the pictures. The image marked with (a) is a new bearing, while the images (b) and (c) show tested bearing raceways of the non-EP grease and EP grease references without contamination. In all these samples the grinding grooves of the manufacturing process are still visible. The grinding grooves still remain in the sample with EP grease and a 9.1% particle contamination ( Figure 5(e) ). However, the grinding grooves are not visible for the contaminated sample without EP-additives, as shown in Figure 5(d) .
Additionally, the images of the surface topography ( Figure 5 ) enable an analysis of the surface roughness. For all uncontaminated tests ( Figure 5(a to c) ) the surface roughness parameter Rq is within a range of 100 nm to 130 nm. But for both contaminated tests ( Figure 5(d) and (e)) the surface roughness has increased significantly. However, the increase for tests using EP grease ( Figure 5 (e)) is much lower than for the non-EP grease tests ( Figure 5(d) ). While the surface roughness parameter Rq of non-EP grease samples increases to about 500 nm, the EP grease samples had an end value of about 300 nm. Further, pitting dents are only visible for images of the contaminated non-EP grease samples ( Figure 5(d)) .
The vibration signals shown in Figure 6 are the trend (1) of envelope signals with different frequency ranges. Beside test setup 5 (non-EP grease with contamination) all tests show a constant vibration trend signal. The vibration trends of the tests with non-EP grease and contamination increase during the 24 hours of testing. The end value increases to as much 
Test duration of 168 h
The friction behavior (Figure 7) follows the exact same pattern as the 24 h tests (Figure 4) , where both addition of EP additives and contamination increases the COF. The values for COF decrease in all cases during a running period, followed by a period where the COF stabilizes on a certain level. Further the COF, as expected, fluctuates more by the added contaminants. Another observation is that the systems without EP additives and with contamination ( Figure 7(c) ) have a prolonged running in period in comparison to the other test setups.
As expected, the surface roughness did not change significantly for the uncontaminated test setups. In comparison to the unused reference sample (Rq ¼ 100 nm, Figure 8(a) ) the surface roughness parameter Rq of the uncontaminated non-EP grease sample (Rq ¼ 150 nm, Figure 8(b) ) and the EPgrease sample (Rq ¼ 115 nm, Figure 8(c) ) increased only slightly. For the contaminated cases the elevated wear rate seen in the 24 h tests maintained through the 168 h tests and resulted in even rougher surfaces as seen after the 24 h tests. Not just the surface roughness increases during the 168 h tests, but also the deviation of the measured surface parameters increased for the contaminated samples. The surface roughness parameter Rq varied from 800 nm to 1000 nm in case of the non-EP grease (Figure 8(d) ), while Rq for EP-grease samples was measured in between 300 nm and 500 nm (Figure 8(e) ).
Comparing the vibration signals from the 24 h tests and the 168 h tests (Figures 6 and 9 ) some differences are observed, but the overall pattern seems to be maintained throughout both tests. As for the 24 h tests, the 168 h tests have low constant vibration levels for uncontaminated samples (Figure 9 (a) and (b)) and accelerated vibration levels for the contaminated samples (Figure 9(c) and (d) ). Therefore, in general the vibration level is lower for samples with EP grease (Figure 9(d) ) in comparison to the non-EP grease samples (Figure 9(c) ). However, the increasing trend seen from the previous 24 h tests (Figure 6(c) ) was not observed for the 168 h tests (Figure 9(c) ).
The detection of acoustic emission was only used for the samples with a test duration of 168 h. But the results of the acoustic emission (Figure 10 ) substantiate both the previously mentioned vibration responses of the tests and the observed differences between uncontaminated and contaminated as well as the differences between the two types of greases. Especially the difference of the acoustic emission between non-EP grease (Figure 10(c) ) and EP grease is even more distinct when compared to the vibration responses. The differences in trend values of the double envelope of the acoustic emission signal of the test setups no. 6 and no. 8 (Table 1) were as high as 70%.
Plotting the mean values of vibration and acoustic emission signals allows a direct comparison of the different test setups (Figure 11 ). For all measures the reference samples for non-EP grease and EP grease do not show a significant difference. Further, all reference measures are several factors lower than the contaminated samples. The clearest difference was observed for the acoustic emission signals of the contaminated bearings used during the 168 h tests. Also the average of the vibration signals of the contaminated tests for both the 24 and the 168 h shows a significant difference. However, the difference is not as extreme for the vibration signals in comparison to the acoustic emission signals.
Discussion
All eight setups with contaminated rolling element bearings simulate the harsh environment in the ironmining industry and show a difference in vibration trend and surface topography already after the relatively short test duration of 24 h and 168 h. The observed advantage of EP additives could have several reasons. The most obvious would be a reaction of the additive with the bearing surfaces in order to form sacrificing layers. The theory would explain the differences in both acoustic emission and vibration responses of different test samples as well as the difference in surface roughness. But this would not explain the results of the surface topography images shown in Figure 5 . The missing grinding grooves of samples with non-EP grease and contaminations ( Figure 5(d) ) compared to the other test samples could be an indication of higher wear rate, which is contradictory to the theory of sacrificing layers. This difference in wear rate between test setup nos. 5 and 7 (Table 1 ) could be a result of possible chemical reactions (2) and (3) of the sulphur-based EP-additive with the contaminants itself.
Martin et al. 15 have shown that abrasive wear of iron oxide particles can be reduced by a chemical reaction with additives. In Martin et al. 15 the reaction between hematite (Fe 2 O 3 ) and ZDDP was investigated. Another study was carried out by YuanDong et al. 16 In this study, they showed the favorable effect of FeS and FeSO 4 particles on the wear behavior of grease-lubricated steel on steel interfaces. Both studies support the theory of a reduced wear rate due to a chemical reaction of parts of the contaminants with the EP additives. Further, the theory of a reaction between contaminants and EP additives is in line with the measured vibration and acoustic emission.
Another result of the investigation is that vibration and acoustic emission measurements are consistent with the surface topography measurements, whereas the measurement of the friction coefficients is not related to the measured surface roughness topographies -at least not within the short test durations of 24 h and 168 h. 
Conclusions
The investigation replicated the severe operating conditions for rolling element bearings in production lines of mining industries. It was shown that the use of EP additives could be favorable for those bearings working in such environments. In particular for the used operating conditions during the experiments, EP additives were favorable. Contaminated test samples with EP additives showed decreased surface roughness, wear rate, vibration and acoustic emission when compared to the contaminated samples without EP additives. However, in order to explain the mechanism for these improvements further analysis has to be done, especially chemical analysis of raceways and grease samples. 
